Microwave (MW) heating is applied to fabrication of composite materials using a reaction between soda-lime (S-L) glass and liquid Al. Because of insufficient heating capability of Al powder in the present conditions of MW power, Fe powder was mixed for the better heating to melt Al. In fabrication of the composites, mixture of S-L glass beads and Al-Fe powder was MW-heated at 700 C for 10 min.
Introduction
The authors performed series of researches on fabrication of metal/glass composite materials using soda-lime (S-L) glass and liquid aluminum. 1, 2) This method is basically an application of a substitutional reaction between SiO 2 and liquid Al as follows:
There are researches performed in the field of aluminum casting, using this reaction for fabrication of aluminum composite materials. 6, 7) The reaction also occurs between S-L glass and liquid Al alloy containing dilute Fe, 8) the studies of which were attempted for the purpose of fabrication of composite materials using wasted materials, such as wasted bottle glass and Al scrap especially containing of Fe. 9) As the microstructures shown in Fig. 1 indicate, 1) there are reaction layers formed between the S-L glass spheres (the scales larger than the present cases) and Al liquid due to the above reaction, and which contribute to rigid and strong binding between them. However, the reaction requires more than one hour to form the layers with enough thickness, such as 50 microns. From these backgrounds, this study intends to obtain the composite body in a shorter time, taking advantage of MW heating, as there are some examples of MW heating applications reported 10, 11) In the authors' previous study, 12) MW heating of S-L glass/Fe powder mixture was performed and found its characteristic heating behaviors of sudden temperature rise depending on their volume fractions. It was also observed that Fe was not melted and that any reaction between S-L glass and Fe did not occur.
On the other hand, however, if mixture of Al powder and S-L glass is heated and Al is melted, it is expected that the above reaction (1) occurs and the S-L glass/Al composite bodies are formed. Therefore, fabrication of the composite materials through the reaction induced by MW heating is attempted. In this study, it is first intended to investigate the MW heating behavior of Al powder and S-L glass/Al mixture, comparing with the Fe powder, mixture cases. Then, it is intended to investigate the reactivity and the microstructures of the composite bodies. This study is the first step to utilize the Al/SiO 2 reaction by microwave heating, considering the special heating behaviors in metal/glass mixture.
Experimental

Specimen
In this study, specimens are soda-lime (S-L) glass (CaONa 2 O-SiO 2 , Tokyo Garasu Kikai (TGK) Co. Ltd., Tokyo, Japan) beads and the metal powders. The glass contains K 2 O, MgO, Al 2 O 3 , Fe 2 O 3 in small amount, as the compositions were listed in the previous report.
12) The S-L glass beads have particle size of 0.2 mm in diameter (smaller than the cases shown in Fig. 1 ). The powders of Al and Fe were prepared (Kojyundo Kagaku Co. Ltd., Saitama, Japan), which have particles size of 70 microns (200 mesh under) in diameter, and 3 nines in purity. Mixture of S-L glass and metal powder was prepared gently stirring in a mortar. The fractions of the mixtures are indicated with the volume fractions of the components, which were estimated using their density values.
Heating apparatus
The MW heating apparatus used in this study is a multimode microwave oven SMW-083, Shikoku Keisoku Co. Ltd., Zentsuji, Japan), having the maximum input power of 670 W, in which K-type sheath thermo-couple is used for the temperature measurement. The heating can be conducted under either mode of the temperature control or the specific power input. The temperature and the input power are digitally recorded. The details of the set up can be seen in Fig. 2 .
Observation
The MW-heated specimens were observed with an optical microscope (OM, BX60, Olympus Co.Ltd), and SEM/EDX (S-6501, Hitachi Co. Ltd., Ibaraki, Japan). The permittivity measurement was performed by Prof. S. Kingman in Nottingham Univ. UK. The detailed description on the measurement has been presented in his paper. 13) 3. Results and Discussion
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and their mixtures 3.
Al, Fe powder and S-L glass beads
Heating behaviors of Al, Fe powder, and S-L glass beads having a diameter of 0.2 mm are plotted in Fig. 3 , the curves were obtained at the maximum power of 670 W input. Al powder was not heated very well, comparing with that of Fe cases under the same input power, and thus Al was not melted. S-L glass can be heated, however, the degree of temperature rise was not high.
Fe/S-L glass and Al/S-L glass mixture
Addition of Fe powder to S-L glass was attempted in the previous study. 12) Fe and its mixture with S-L glass beads are plotted in Fig. 4(a) , where it is evident that the increase of Fe volume fraction made it possible to heat the glass up to higher temperature, however, the sudden and rapid temperature rise (or thermal runaway 14) (TRW)) was accompanied. It was discussed 12 ) that this behavior is related with the heating of S-L glass beads with an aid of metal particles, and it was expected the glass has large temperature dependence of its dielectric constants (permittivity). In this study, the temperature dependence of both real and imaginary parts of the permittivity was obtained and shown in Fig. 5 . The permittivity virtually increases only above 600 C. Therefore, it is considered that the temperature rise of the whole mixture body depends on how the metal particles can heat the glass beads above 600 C. In the next stage, addition of Al powder to S-L glass was attempted. The heating curves are shown in Fig. 4(b) . It is of interest to note that there is a difference in volume fractions between Fe and Al addition, which are needed to cause rapid temperature rise. In contrast to the Fe addition cases (Fig. 4(a) ), larger amount of Al powder is needed to cause the TRW (Fig. 2) . It can also be shown that the temperature rise in Al addition was still not high enough, and the temperature saturated around 600-700 C even after TRW occurs. Therefore, Al powder was not also melted sufficiently, and thus it is not possible to expect the reaction (1). These phenomena might be due to the less heating ability of Al. This is often encountered when heating Fe and Al lumps with induction furnace, the former is much easier to heat up. This is generally interpreted in terms of the difference in their skin depth, due to the larger electric conductivity of Al. The temperatures of 6 and 15% Al mixture after heating for 600 seconds were lower than S-L glass case (Fig. 3) . The reason is no clear, however, it is pointed out that thermal conductivity increased by mixing of Al, and resulted in enhancement of heat transfer from the internal area of the mixture to the top surface.
Al-Fe/S-L glass mixture
Because of the difficulty in heating the S-L glass by single addition of Al, Fe powder was appended to Al powder in order to assist heating. An example of the heating curve is shown in Fig. 6 , in this case, the temperature was possible to be kept at 700 C. The heating was successful to melt Al and also resulted in further melting of the S-L glass. It was possible to cause the reaction. These data are the first information for utilizing this MW process. Therefore, in the next step, an intimate study is required to investigate the reaction kinetics by further varying the fraction of S-L glass and Al/Fe powder. It is expected to determine the optimum powder composition needed for designing the real fabrication process, and to discuss their thermal balance between absorbed MW energy and the heat required for the melting and the reaction. C for 10 minutes are illustrated in Fig. 7 . The glass beads are melted and they are connected. However, there is still large fraction of voids, because the melted glass doesn't posses low viscosity enough for the deformation to drive out the pores at this temperature. In the actual fabrication process of the composite materials, it might be required to find the optimum conditions for the heating temperature considering both the reactivity and the viscosity of the glass. It can be seen in the OM photo that there are two kinds of contrasts as indicated with arrows in the figure. The brighter area corresponds to Fe particle, which didn't experience the reaction with S-L glass. This feature was confirmed by SEM/ EDX observation in Fig. 7 (lower) . Because Fe was not melted at this temperature, and if even melted, SiO 2 was not reduced, the Fe particles remained in the S-L glass matrix without any reaction. (Al-Fe intermetallic compounds could be formed, however, it was not detected by EDX in the present cases.)
On the other hand, there are less bright regions corresponding to the reacted area between Al and S-L glass, the product is supposed to be a mixture of Al, Al 2 O 3 , both containing various metals, such as Na, Si in Al, and Ca, K in Al 2 O 3 , according to our previous study.
1)
The SEM/EDX micrographs of the reacted region are shown in Fig. 8 . In this figure, there are areas indicated by circles, where Si content is poor, while Al is rich and oxygen also exists. These are the reacted areas, the thicknesses of which are measured in different areas of the photographs and plotted with an error bar in Fig. 9 , they are compared with the previous cases of electric furnace heating. This result indicates the reaction rates between Al and S-L glass by MW heating were larger. However, it is not obvious in the present stage to consider that this enhancement of the rate is the specific effect caused by MW heating, but it is needed to consider some other phenomena such that the metal particles and its surroundings have higher temperature than the other area (measured average temperature), because of the selective heating of metals. It is important to perform more intimate temperature measurement of the specified regions in the mixtures.
Conclusion
Heating behavior of Al-(S-L)/glass mixture and the reaction between them were studied. The following results were obtained.
(1) Al powder addition to S-L glass beads caused rapid temperature rise by MW heating, however, more amount of Al was required than Fe, The temperature reached was below 700 C, not high enough for melting of neither Al nor S-L glass.
(2) Appending of Fe powder to the Al/(S-L) glass mixture made it possible to heat them above the melting point of Al and S-L glass. Reaction occurred between them. Fe powder played a role for the heating aids. The apparent reaction rate was increased, comparing with the conventional electric furnace heating processes. (3) According to the temperature dependence of S-L glass permittivity, S-L glass has to be heated above 600 C for its absorption of MW.
Time / s Thickness of reaction layer / µm Al/SiO 2 : 500micron at 700°°C, for 2hr [5] Al/(S-L glass) Fig. 9 Comparison of reaction layer thickness between electric furnace (conventional) 1) and microwave. Thickness plotted at various reaction time periods at 700 C.
